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I. INTRODUCTION

The major objective of the rresent report is to evaluate the potentials
of a ducted fan type flying crane. An optimization study is conducted
for a series of given missions characterized by payload, range, and
hover time. Such a study requires a knowledge of the weights of the
various components and of the power reguirements in different flight
conditions.

Unfortunately, very little information is presently available on the
aerodynamic characteristics of a ducted propeller in transverse {low.
Truc« tests conducted on Hiller's flying platform, see Ref. 1 and Sec-
tion 1i1,1 of this report, indicate that in forward flight relatively
large pitching moments occur which must be compensated by proper means
of control. Further, as the moments of inertia of a flying crane about
its three principal axes are extremely large, very powerful control mom-
ents throughout the speed range are recuired. The simplest method of
generating the necessary control moments in pitch and/or roll is differ-
ential collective thrust in a multiple ducted fan configuration. Such a
configuration requires a minimum of three ducts. On the other hand, a
duct number larger than four is believed to be impractical if a reason-
able forward speed must be obtained. This study has, therefore, been
limited to a three .ad four-duct configuration.

As far as possible, performance and control calculations have been based
on data derived from experiments. This refers primarily to the hovering
power reouired and tc the pitching moments in forward flight. As re-
liable test data on power required in forward flight are presently not
available, theoretical expressions based on the momentum theory have
been derived. These theoretical data,in connection with an assumed
realistic value for the propeller efficiency,have been used for the
power required calculations for all forward flight conditions. To sim-
plify these numerical calculations, general nondimensional charts have
been prepared. It should be noted that the additional power required
for the compensation of the pitching moments has been taken into account
and that interference effects have teen neglected. The reason, again,
is lack of basic information.

As it is rather difficult to predict, at the present time, the flight
characteristics at higher speeds, the cruising speed assumed for the
given missions has been arbitrarily limited to 70 knots. This figure is
believed to be conservative.

I-1 CONFIDENTIAL




(]

TRED —
POW LR \\D FUEL REQL IREL

1. Power Required

2. Effect of Flight Duration on Fuel Consumption
3. Fuel/Weight Ratio

G. Sissingh and R. Greenman




CONFIDENTIAL

ARD ek CONTRACT LA LL=177-TC-3L2

II. POWER AND FUEL REQUIRED

1. POWER REQUIRED

Hovering

Theory states that the presence of a duct greatly increases the effic-
iency of a propeller; experiments conducted so far ccnfirmm the theory.
The efficiency of a propeller-shroud combination in hovering can best be
expressed by the figure of merit, M, defined by the expressicn

% - M %sz (1)
In this equation
T = thrust, 1b
P = power, lb ft/sec
A = propeller disk area, ft2
T/A = disk loading lb/ft2
p = density of air, 1b sec2/fth

For an unshrouded propeller the figure of merit amounts to approximately
M = 0.7 to 0.75; for a properly designed propeller shroud combination
this value goes up to approximately 1.5. According to equation (1) this
means that for given power and propeller diameter the ducted propeller
produces up to 60% more static thrust than a conventional unshrouded
propeller.,

In order to derive a realistic value for the anticipated figure of merit
of a ducted-fan type Flying Crane, a survey of the test data available
has been conducted. Fortunately, already a considerable amount of static
testing has been done. Some of the results are discussed in the follow-
ing paragraphs.

Fig. 1, derived from test data reported in Ref. 3, shows the figure of
merit M of a shrouded and unshrouded propeller against the blade pitch
setting. The maximum figure of merit of the shrouded configuration

amounts to approximately 1.15. It should be noted, however, that this
propeller-shroud combination has been laid out for an advance ratio of

II-1 CONFIDENTIAL
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.95, 1% may, therefore, be expected thatl by using a duct form wnich
favors the low speed range, higher figures of merit for the hovering
condition can be obtained. This is confirmed by the curve shown in Fig.
3. Tuis cuirve, piotred against the coefficient C, as defined in the
criginal NACA report, represents the figure of nﬁ?it of the "short-
cruise” shroud tested by R, J. Platt, see Ref. 2. According to Fig. 3,
in this case values of ¥ = 1.5 and higher are obtained.

In Fig. 2 the rigure of merit of various other test data is plotted
against the disk loading., These data come from different sources. The
upper curve represents tests conducted by the Doak Aircraft Company, Ref.
€. Tae two lower curves are taken from Ref. 5, they are the results of
a survey made by A. Stone, Buder, and refer to an area ratio of 1.0 and
1.2, respectively. Finaily, the single point plotted in Fig. 2, is taken
from Ref. 7. The various data represented in Fig. 2 fall into the range
1.23< M<1.5 where the lower limit is partly based on Krueger's tests,
which, as mentioned previously, have been conducted on propeller-shroud
combinations laid out for high advance ratios. It appears, therefore,
that by a proper design, at least values of M = 1.3 to 1.4 can be ob-
tained. For the hovering performance calculations of the Flying Crane

| 1.31 has been assumed, this figure is believed to be conservative.
In the preliminary design studies of this report, the engines are loca-
ted in the center of the ducts, and transmission losses are, thereforc,
relatively low. It has been assumed that these losses amount to approx-
imately ¢.5%, i.c., the transmission efficiency n " 0.975. With these
assumptions it follows from equation (1) that the "total hovering power
required amount.. Lc

W
(HP), . moh o (2)
hovering % OMTR 2p
where
W gross weight, 1b
W+ effective disk loading, 1b/ft"
and

Hm, = 1.31 x 0.95

= 1,28

Forward Flight

As menticned %rcviously,.no test data are presently available on forward
flight characteristics, i.e., on power required in transverse flow con-

CONFIDENTIAL L=
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ditions. The performance calculations of leval fo:xard flight and climb
have therefore been based on equatlions derived from the momentum theory.
Compressibility effects have been neglected.

For simplicity, at present only one ducted propeller is considered. The
equations can also be applied directly to a multiple ducted fan config-
uration if power required, weight, and external drag are interpreted as
power required per ductcd propeller, weight carried per ducted propeller,
and drag per ducted propeller.

If no additional means of propulsior. and 1ift generation are used, in
level flight the vertical component of the net thrust vector must be

equal to the weight and the horizontal component equal to the external
drag. Let be

W = weight, 1lb
D - external drag, 1b

D. = internal drag (actin~ in the direction of duct
axis), 1b

V_ = flight velocity, ft/sec
V - duct exit velocity, ft/sec
A duct exit area, ft2

m = mass flow per second, 1lb sec/ft
If a denotes the forward tilt angle of the duct axis and
T-W+D 40D (3)
) e i 3

the resultant force vector, it follows from Fig. L that the horizontal

component of T must be equal to (D + D, sina), and the vertical compon-
e i

ent equal to (W + D, cosa).

This means that the following equation must be fulfilled

TQ = (De+Di sina)’ + (W+Di cosa)2 (L)

On the other hand. the momentum theory states

1I-3 CONFIDENTIAL
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Tsal «nV (5)
0 e

or, from Fig. L,

2T atV SemV “aonV Y sine (6)
0 € o ¢
Zquating the rigat hand sides of equation (L) and eguation (6) leads to

2y 2, 2, ¢ : SN
nV “emV “-2m°V V sina = WD “+D, “+2WD cosa
0 e oe e i i

(7)

+2D D,sinc
e i

where tne mass flow

m=Vap (6)

From Fig. I: the follewing equations for the required duct tilt angle can
be derived:
b +mV
3ing = —pr—e (9)
mV =D

CR]

S (10)

mV -0.
o 1

D‘+mVV
w : (11)

tana -

The theorctical studies can greatly be simplified by introducing non-
dimensional ccefficients. Let be

W/Ae

¥~ — (12)
eV,

~ bl / g
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f = __-__U (12‘)
€ e 44
,\eVo D/c.
D,
£, 7 — (15)
AV "p/2
e ¢

The most significant of thesc nondimensional coefficients is the guan-
tity ¥, which deternines the acrodymamic characteristics of a given
flight conditlon. It can easily he seen from equation (12) that 2¥ can
be interpreted as a conventional 1ift coefficient eferred to the wing
area A, and the frce-stream velocaty V,. The parameter ¥ should be con-
sidered as the major parameter of a ducted fan, for this reason the var-
ious guantities which actermine power required, tilt angle, pitching
moment, etc., have later been calculated and plotted as function of %,
It may be of intercst to note that for a Flying Crane, as investipated
in this report, the —uantity ¥ falls into the range 1< ¥< @ where ¥ = »
refers to the hovering condition. See also Fig. S wherc Y is plotted vs
disk lozding for several velocities., These curves refer to S.L. condi-
tions.

Another important parameter is the quantity ¢ whick, according to equa-
tion (13), represents the ratio (duct exit velocity)/(free stream vel-
ocity). Finally, {5 and o characterize the internal and external drag
of a ducted precpeller confijyuration and can be interpreted as drag co-
efficients. It should be noted that the external drag coefficient fe is
referred to the free stream velocity Vg, and the intern:l drag coeffic-
ient fi to the duct exit velocity V,. For the disk loadings and the
speed range of a ducted-fan type Flying Crane or, more appropriately,
for its ¥=-range, the internal dray is of minor importance. Evaluation
of test data and preliminary numerical studies show that values of ap-
proximately f; = 0,08 to 0.09% must bc cxpected. The performance cal-
culatiens of this report have conscrvatively been based on

fi = 0.1 (16)

With equations (12), (13), (14), (15) the equations (9), (10), (11) sim-
plify to

sina = —= (17)
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cosc * -—51-— (18)
e -fi
22V ﬁ'e '
tana ~ N (19)

Similarly, equation (7) can be reduced to
9 ’» - 2 (4
3 (1~l/- ri) e -ef ¥ +1/L £y (20)

The last ezuation permits the calculation of € as function of disk load-
ing, speed, external and internal drag. As the knowledge of this quan-
tity is mandatory for several reasons (determination of tilt angle,
power recuirea) general charts have been prepared which will be discus-
sed later.

The momentum theory states that for the ideal case (propeller and trans-
mission efficiency = 1) the power required amounts to

; . . m t"" .‘.ﬂ 9

(pU“Lr)idcal b (?9 Yo ) (21)
vhere the mass flow is given by equation (€). Yﬁ v, denote the pro-
peller and transnission o’[nc10:cv, respectlvely, the brake HP required

for level flight becomes

(HP) (22)

. m 5 & 2
LF ZXSSOnbnt (}e =Y )

With the nondimensional coefficients given by equations (12), (13) the
above cquation can be rewritten as

I i) (
LF LX);oT%n ¥

no
(S}
g

(HP)

Similar to equation (). which determines the power requirement for hov-
ering, equation (°3) can also be expressed as

CONFIDENTIAL 116




CONFIDENTIAL

AiD 12 CONTRACT DA 4L-177-TC-382

=

W e ,
(HP)LF -~ 336;;;;i % (24)

where the nondimensional guantity T represents a kind of figure of merit
for forward flight. Comparison of equations (23), (2L) gives

3/
T’ (25)
c(c -1)

The numerical performance calculations have been based on the following
assumptions, believed to be realistic

rb : 0,47

n C 0.975 (26)
5 npnb = 0.85

In order to simplify the numerical investigations several charts have
been prcpgrcd sce Figs. 6 to 11. The curves represent the quantities
e, a, €(e<1), and T, plotted against the parameter ¥. As can be seen
from Fig. 5, for the assumed cruising speed of 70 knots and for the disk
loadings investigated, the parameter Y lies within the limits 1< ¥<10.
Therefore, the curves represented in Figs. 6 to 11 are in most cases
restricted to this Y~range. Inspection of the functions represented in
these graphs leads to the following conclusions.

Figs. 6 and 7 show the velocity ratio € for fj = 0 and f; = 0.1, res-
pectively, for an external drag corresponding to f, = 0, .2l and .L8.
Comparison of these curves indicates that within the range investigated
the internal drag has only a minor effect and that, as expected, the ef-
fect of the external drag increases with decreasing ¥-values, i.c., with
increasing speed.

Fig. 8 shows the duct-tilt angle a vs ¥ for various external drag coef-
ficients. The internal drag is assumed to be fj = 0.1, slip-stream de-
flection by vanes is not taken into account. The curves of Fig. 8 show
that even for zero external drag appreciable forward tilt angles are re-
quired. For instance, at a disk loading of 50 lb/ft and a speed of 70
knots, the parameter Y is approximately 1.5. According to Fig. 8 a tilt
angle of approximately a 1,50 is required for this flight condition.
This figure refers to zero external drag, it increases slightly if ex-
ternal drag is considered.

1I-7 CONFIDENTIAL
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Figs. 9, 10 show the function F = e(g“-1) and its first derivative

F' = dF/d¥. The former fuiction plays a roll in the calculation of pow-
er regulred for forward flight. The latter {s necded later to calculate
the variation of power resuired caused by changes in weights due to [luel
consumption. For Y<1 the following approximation can be used

p' e 10X x-i (27)
LX ? e
where
o Vit (28)
&

.
"
-

! 5 .
ig. 10 shows F as given by eguation (27), it represents the mathemat-
ically correct solution for the simplified case fy = fo = O.

In Fig. 11 the parameter t is represented which,according to equation
(L), determnines the power reguired for level flight. The curve is based
or. the following assumptions

. = 0.1C
i

£ 0.

The justification for the selection of the abhove fo-value will bLe dis-
cussed later, It may ve worthwhile mentioning, however, that within the
speed range investizated a 208 in - or decrease in the external drag has
ornly a minor effect on the power renuired.

Evaluation of external dra;; parameter fe
It is estinut.d that the conivalent parasite crea of the aircraft, with-
out load, corresponds Lo that of a rectangle with the leugth 2.5D, and

thg width C.3D. The ecuivalent parasite area of ibe load is given cs 80
ft-. This meens that, by definition,

_ 0,758 + 80

R e (29)
© bm/l
where
D = propeller diameter
b = number of ducted propellers

CONFIDENTIAL II1-§
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The drag parameter fo as given by equation (29) is plotted in Figure 12
against the propeller diameter D. 3Soth the 3 and i duct configurations
are shown. In each case f, decrcases with increasing D-values. Also
plotted is the value fo " 8.36 on which the performance calculations of
this report have been based. For a L-duct configuration with D>15 ft
the drag parameter is considerably lower than fg = 0.36. On the other
hand, for the 3-duct configuration with small propeller dlameters f, is
somawhat higher than 0,36. As mentioned previously, for the speed range
considered in this report (V<70 knots), the external drag has only a
minor affect on the power required. It is, therefore, believed that the
assumption of a constant fg-value is justified and within the limits of
the accuracy with which the performance can be predicted today.

Climb

Fo= climbang flight (y = angle of climb) the forces acting parallel and
normal to the flight path area

in direction of flight: Drag + (Weightxsiny)
nomal to direction of flight: W cos v

This means that the undimensional coefficients ¥,f, (referring to level
flight) for climbing flight change to

Y =Ycosy (30)

P

(f), = £, + ¥ siny (31)

The total power required for climbing can again be calculated by equa-
tion (23) if Y and fo are replaced by Y., and (fg),, respectively. The
power required can also be expressed as

wv
(HP) = ??c’SOFGn_met' (f+Af) (32)

where the first term in the parantheses refers to the power required in
level flight and the second to the excess power required for climbing,
i.e.

ZSf' _ Excess power required for climbing (33)
fj Power required for level flight

The excess power required for climbing can also be written as
e (3L)
(HP), = vemr—r 3
¢ T
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wnere the rate of climb

V.=V siny (35)
Toe tor: in cquation (3L) renresents the cliaving ¢fficiency; from
ecustione (32) and (3h) it follous that

. &S Y (30)
e DS
In Fisure 13 the climbing efficiency m, us defined by equztion (3L) has
bew s nlotted arainst the power ratiq[%j[{ . Curves for Y = L, 8, 12,
10, and 20 are shown, also plotted are’curves for censtant y valucs.
The various curves in Figure 13 indicate that the climbing e”ficicncy
decreases with incr.asing climb angles y a:cd increasing ¥-values.

Figure 13 can be used to calculate the rate of climb as follows. Let be

(EP)AV = Horsepower available
(H?)LF = Horsepower reacuired for level fliyht

Af L ERy(BP)p
fI ) (HF) ¢

From ceuation (3h) it follows that the rate of climb

: b0
V- !f(“"’w‘(””mf e (37)

where m, con ve wken Trom Fisure 13 as function ofl&{/ ard Y. It nay
be to.thubele o cuienig e than for the Z1ring crone :st{m,y of lhis report,
Cuc to e Loveeins poanirercat (6000 £, 95°), the ratio[}{/} for m
altitud: of 000 It amowats W anprorimately .. J

2. _EFA.CT OF FLICAT IFATION Oil FUEL CONSUIPTION

Hoverin:

— s

Let Le

—
*re
]
=J

~—

H]

= power roquirec al the beginning of hover perilod
SFC = specitic fuel consumption 1b/U'P/hour

tH = hover lime, ninutes
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Differentiation of the basic equation (2) for power reauired in hover-
ing gives

d(HP) . 3 Ve (38)
aw ?xSSUHrk 20
A first approximation for the change in weight due to fuel consumption
is
(HP) x(SFC)x
W = — L (39)

Inserting equation (39) into equation (38) leads to

(HP)_ (SFC)ty \/\E
A(HP) * roro, V% (o)

This means that at the end of the hover time the power required amounts

to
(SFC)tH We
(HP)tH = (HP)O | EUESBUR;E %5 (L1)

and that the average power required during the hover period is approxi-

mately
(SFC)t.H Ve }

(HP)average = HP, {1 - BUEEEUHEE 20 (L2)

Based on this average power required, the fhel consumption in 1lbs for a
given hover time tH in minutes becomes

' (SFC)tHWL Ve (SFC)t.H We _
Fuel Welght = mmn—t % {l = mn—t 2’5 (h))

Forward Flight

An analogous expression can be derived for forward flight. If (HP), de-
notes apain the power required at the beginning of the cruise, a first
approximation for the decrease in weight due to fuel consumption is giv-
en by

dw = (HP)_(SFC) time (Lk)

The time required to travel the range R (nautical miles) at the speed
v, (ft/sec) is

II-11 CONFIDENTIAL
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Cruising time = 1.69 R/V_ hours (LS)
Inserting equation (4S) into equation (LL) gives

(HP)O(SFC) 1.69R

W - - (L6)
()
From
%! - %? (See equation (12)) (L7)
d(HP) _ dF )
o (See equations (12), (23)) (L8)
th,o F
dF = F'd¥  (by definition) (L9)
it follows
F' dW
d(HP) = (KP) — — Y
F' dw "e
= B F ¥ 2
oV,

With dW as given by equation (L6), the above equation (50) can be re-
written

F! (SFC)1.69R
2 e (51)

= (HP
A(HP) = (HP), vao3w

This means that the power required at the end of the cruise amounts to
approximately

(KP) ~d(HP) = (HP)_ { 1 - EF

F'(SFC)1.69R
otgmen,

where the function F!' can be taken from Figure 10. The average power
required during the cruise period is

. ( F'(SFC)1.69R
(HP) -(hP)Oz(l- TX5ED j (53)

average
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which means that during this cruising period the following amount of
fuel is consumed

Fuel weight = (HP)averagex(S?C)x(time)

(54)

. (SFCR (1 ) ?'(sm)1.69n)
v "o T Lx5%0

cr

In this equation, which gives the fuel consumption in lbs, V., denotes
the cruising speed in knots and R the rangc in nautical miles. The term
in the parantheses represents the average reduction in fuel consumption
or power required due to the decreasing weight.

I1-13 CONFIDENTIAL
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3. FUEL-WEIGHT RATIO

The various basic vnuations for power required, fuel consumption, etc.,
derived in the previous sections are applied to a specific mission which
is described schematically.

L' e v O 1O ~,__--_.-.._-.v.f.f._',....‘_.f" !
-1 ” r- - e‘ |- ‘
| V=70 Mots E V=70 Miots \S#L Alt. A= 5500"
TS A Y - ”
) AL
/ 24 /' ’)/2
5 v [ahy )
' 0 ‘ "
N
QO
v
"
A
;ilf‘ o A‘l‘
Sid 4/t h =2000'
i [ e
Home ~ . .- - fenot> Bluse Home Ease

Thic missicnh consists of the following operations under standard atmos-
pheric conditions:

1. Warming up at 100% normal rated power at home base witn full load
at 2000 foot altitude

Ac Climiin;s from 2030 to 3000 feet.

i, Cruisin- at 3000 feet to remote base at distance R from home base.
i Hoverin: at 2000 feet with release of nayload.

£,  Climbing to 3000 feet.

6. Cruising back to home base at 3000 feet.

7.  Carrying a fucl reserve of ten percent of initial fuel.

CONFIDENTIAL II-1L




CONFIDENTIAL

ARD 12L  CONTRACT DA LL-177-TC-382

The specific fuel consumption (SFC), that is employed in all computa-
tions, is assigned a value of .55 lbs/BHP-hr at 100% normal rated power
(NRP) and at sea level standard day and made proportional to the SFC
characteristics of the gas turbine engine of Chart II of Hiller Report
No. 630.5, see Reference 9, The SFC versus NRP curves are presented in
Figure 1L. The installed power is given by the hovering capability at
6000 feet altitude and 95°F day. NRP available at different altitudes
is made proportional to the NRP of the above mentioned Hiller report.
The NRP versus altitude curve is also presented in Figure 1L.

The general equation for the dimensionless ratio Rp of fuel required to
gross weight may written as follows:

= 1.10 « + 4 + + 5%
4 (ARFI)I (Anpz)l ARF3 ARF& (D ), (ARFZ)Z]( )

In the above equation, which is patterned after the presentation in Ref-
erence 10, the various increments in Rp refer to parts of the general
mission.

Cﬁ&Rpl) is the fuel to weight ratio for climb from altitude h; = 2000
feet t% hp = 3000 feet on a standard day at a speed of LO knots and
normal rated power.

It can easily be seen(that )
h,-h
2 1 BHP | _ (1000)(SFC) (BHP
Bk ) = (GONRT) ‘S"‘C’<W—G>‘ 807 (R7C) (w—c) (56)

where Wy denotes the design gross weight, and BHP the total power re-
quired in climbing flight. BHP is the sum of the expressions given by
equations (2);), (3L4). For the calculation of the effective disk loading,
We, in equation (2l) it has been assumed that only 91% of the area is
effective which means

1.1W
LA g;ig-z (57)
The rate of climb
AHP BHPLF )
R/C = 33000, [77— - -HW-{J ft/min (58)
where
AHP = available horsepower at 2500 feet, std. day

1.460 AHPéoOO,’ 95° day
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As montioned previcusliy, for tue Flying Crane studies of the present re-
port the ratio (excess power available for climb)/(level flight power)
is approximately LOX. For :iis particular case a conservative approxi-
ration fcr tne rate of climy 1s given by

R/C = 7.0 V. V¥ fe/min (59)

wnere VO is the flight velocity in £t/sec (assumed Lo be LG knots = 68
ft/sec) and ¥ s -efined by equation (12).

(ARFy ), is also given by equation (56) where for the calculation of the
power reouired, BHP, the reduced weight due to fuel consumption and due
to the released load has to be taken into account.

(ZSRFZ) and (ARF,), represent the fuel to weight ratios for cruising.
The crulalng bDO“d 14 assumed to be 70 knots. According to equations
(53), (67) the averapge KP rezuired for cruising amounts to

W k W F'(SKC)(R-R_)
BHP = wome— | =4 |1 - < (60)
5507 I 2p 1300
This means
(SFC)(BHP)(R-RC) ;
AR, ) - (61
f21,7 Ver W

In these equations

W_ = actual woight at the bezirning of the cruise

-
Y]

W, = design rross weight

R = design radius of action, naut. nri.
RC = range credit during climb, naut. mi.
Vcr = cruise speed, in knots

/\RF. 15 the fuel to weight ratio for a starting time of 2 minutes under
condition of expenditure of 100% normal rated power.

t
b () @) () wll)

il
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[}pr ic the fucl to weight ratlo for novering at altluude hy = 200C
feet"with full load.

/% BHP)
ARF& (SFC) \m) (%- (63)

In the above equation, BEP represents the averac power regulrud for
hovering

[ ey \
BHP = m ?B L o W ?‘; (Ou)

where
t., = mission hover tiic, minutes

air density, .0022L2 slugs/cn.ft

he]
n
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III. CONTROL CONSIDERATICNS

1. METiODS OF CONTROL

It is assumed that control about the lonritudinal and lateral axis is
ac:ivved by differential propeller thrust. As a variation in thrust
also affects thc torque, the use of counterrotating propellers is mand-
atory for the three-duct configuration. If the directions of rotation
are properly chosen, for the four-duct configuration also single pro-
pellers can be emploved. However, in order to avoid large gyroscopic
noments due to angular velocities in pitch or roll, the design stucies
of both configurations have been based on counterrotating propellers.
See also Drawing Nos. 1 ari 2, which show a J-view sketch of each con-
figuration.

As there is no need for large angular accelerations in yaw, it is be-
lieved that yaw control can best be achieved by differential slip-stream
deflection, preferably by vanes arranged in the fore-aft direction. In
order to produce a pure yawing moment, the force to the left must be
equal to that to the right. This means that for the 3-duct configura-
tion, the single duct in the front requir:s about the same vane area of
those of the other two combined. It will be seen later that in forward
flight relatively large nose-up pitching moments occur. In order to
compensate these roments, the thrust of the rear propeller(s) must be
increased and that of the front propeller(s) decreased. This fact, to-
gether with considerations relating to the static stability in forward
flight, determined the duct arrangement of the 3-duct configuration
which has one duct in the front and ‘wo in the rear.

2. EFFECT OF CONTROL ON POWER REQUIRED

As mentioned previously, in forward flight relatively large nose-up
pitching moments occur which must be compensated by differential thrust.
The pitching moment per duct can be expressed as:

M

C_AqD (65)
where Cm = £(¥) is a nondimensional pitching moment coefficient and

propeller disk area, ft2

i e
D = propeller diameter, ft
q = dynamic pressure, lb/ft2

If b denotes the number of ducts, the total pitching moment amounts to
apprcximately
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Myora) * bC.AQD (66)

This pitching ~onent depends, of course, on the c.g. location of the
Flving Crane. A Tirst approximation can be obtalned from the Cm-curves
pistied in Figure 153. '

The increase in total power required is taken into account by adding a
factor kc) 1 to the parformance equation (2L) which thus becomes

wkc v,
(HP)LI.‘ - ';m 5 (67)
In this ejuation
N, (68)

denotes the cverall efficie-cy assumce t~ he 0,85, Tue numerical cal-
culaticns have been casea on k., = 1.0L vhich is appruzim.tzly the mavi.
mu found at o speed of V = J0 knovs. 1he figure k. = 1.0L states that
a L% increase in total power is necessary to produce the differential
thrust resuired for piich control. It shculd be noted that the changes
for the individual propellers are considerably hicher. For the rear-
oropellers, which have to produce a larger thrust, the increase amounts
up to approximately 25% for the 3-duct confizuration and up to 33% for
the L-duct configuration. This can best be shown by the following ex-
anple vhich is typical.

Example: 3-Duct Configuration 60 knots, SL
Gross Weight 96,000 1lbs
Duct Diameter 28.6 ft

Fore-aft distance between Ducts 36.5 ft

Without consideration of control moments:

Lift per Propeller 32000 1lbs
Power per Propeller 5670 HP
Total Power 17010 HP

With consideration of control moments:
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The pitching mom:at armounts to 3¢,000 1lb.ft which means tiat the
1ifr of “he frout propeller hus tu be decreascd oy 11,500 1lbs and
that of cac rear propeller is in:re'sed by 5900 lbs, Tuc result-
inf chang2 in 118U ane power uistribution is shown 1n the following

taol .
Lif't, 1lbs Power, HP
Frant Propeller: el N 3100
Zach hear Proxller: 3/.900 7299
Total: 95,00 17500

Ii this case the inerease in wotal power smounis to ooorcximerely 3%;
it is belisord that b he avoclopment of opiwer dutt shnpes the offect
of cortrel on 7 «r pugninred =i Yo mivimizedn, Eor ver, until tos -
formation ‘s aviilable, *he additi:nal 1asses ~' approsiieatsl; LB ot 7
knots s .13 hu teker 1-bs eount,
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IV. DZRIVATION OF WEIGHT ECUATIONS

1. GENERAL METHOD

In order to determine the empty weight of the aircraft, the wuights of
the components are first derived. The components arv listed as follows:

Rotor Weight W

R
Transmission Weight WT
Duct Weight wD
Engine Weight WE
gEnzine Accessory Weight w":.A
Structural Weight (Beams) Weg
Structural Weight (Pylons) Wsp

Structural Accessory Weight wSA
Other weight W
The ratio of aircraft empty weight to gross weight is called {.

¢ = £ Component weightgGross weight, Wy
The weight of fuel and fuel tanks equals gross weight less payload, wp,

and empty weirht, wempty'

W W

+ = . -
fuel wtanks G wP wempt,y

The weight of fuel tanks is a constant proportion of fuel weight. There-
fore, fuel weight can be expressed as a constant, K, times weight of
fuel plus tanks.

Woer = K (Wppep * W) = K (WG = Wy = Wopy)
Dividing this equation by WG gives:
G G G G

or
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The ratio of fuel weight to yross weight, Rp, is called the "Fuel Avail-
able Ratio". It is equated to the "Fuel Requirud Ratio" to deteraine
the gross weight of a design that will satisfy a given set of conditlons.
In solving this equation Rp is plotied against Wg and disk loading, w.
Therefore, Wg and w are considered as inderendent variables and all
component weights are determined in terms of thenm,

Both analytical and statistical methods are used in duriving the compon-
ent weighl expressions. Values of each component weight have been tab-
uleted in order to obtain tables of values for @, from whicii in turn are
obtained values of fuel available. The component weights have becen tab-
ulated over a wide enough range of Wg and W to include the intersections
of the Fuel Available curves with the Fuel Pequired curves.

In order to visualize various configurations and to make some design
sketches, it is necessary to know rotor diamaters and powerplant sizes.
Thesc are calculated below.

Rotor Diameter, D

LW
D =g
Tow
D = diameter, ft
b = Jo. ducts
WG = gross weight, 1b
w = disk loading, psf
For
WG = 25000 1bs
w = 35 psf
b=3

_I/uxzsooo -
D =jo3age = 17.4 £t

CONFIDENTIAL
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2. COMPONENT WEIGHTS

2.1 Rotor Weight, Hh

Reference (12) gives the following expression for the weight of a Cur-
tiss propeller for conventional, fixed-wing aircraft:

Prop. Weight = x(fw)l'a péx?p 825
Where
AF = activity factor
D = diameter, ft
N = take-off rpm
B = number of blades
K= .26 x 1070 for turbo-props
= ,231 x 1078 for recip. engine props.

The accuracy of this formula is checked against data from the Curtiss
catalog, Reference (13).

Check No. 1 Curtiss 634S - €500, 1052, 3 blade, steel, single rotation,
for reciprocating engine.

D = 16.67 ft
AF = 113
T.0. rpem = 1225
Actual weight = 699 1b

\ 1.8 .
Calculated _ -8 (113 \° L 2 .825
weight = ,231x10 (IDU) (16.67)7(1225)°(3.)

753 1b (This is within 8 percent)

Check No. 2 Curtiss CGLLS - BLOO, 830, L blade, steel, for reciprocat-
ing engine

15.1 ft

(e
n

=

120
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T.0. rpm = 1260
Actual weight = 659 1lbs
1.8
i e - amc-*’(gg) as.1b a0y w) 5

€32 1hs (This is within 3.2 percent)

Tre formula appears to be reasonably accurate. Refcrence (12) indicates
it to be within 3 percent accurate, but uses data which varies from that
in Reference (13).

Rotor disk area, A, and blade tip speed, VT’ can be substituted for D
and N, thus:

2
n
2 _ LA
-3

Only shaft turbine engines will be used, so K = .26x10°0,

2
1.5 .. /60V
. .26x10'8< %6) h—",‘<—“ T) g- 825

1.8/Vv, \2
AF T .825

=
]

VT = §00 is considered a good value for all ducted pro-
pellers
A= Wd/w

WR = ,01184 100 100
W 1.8 ,
.. G [AF .825
<757 - <m> B

Activity Factor, AF, is an expression for blade area/radius, in which
greater weight is given for area near the Llade tip.

AF 1.8 800>2w<} 825

CONFIDENIIAL
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B x AP corresponds approximately to rotor solidity. In propeller design
it is increased as disk loading increases. As number of blades, B, can
never be a fraction, AF is increased until its practical limit is
reached. Then one or more blades are added and AF is abruptly reduced.

Por purposes of this study it is desirable to have B and AF vary contin-
uously. Therefore, AF has been held constant and B allowed to vary.
This results in fractional blades, but is a method used for first ap-
proximations in actual propeller design.

AF was chosen = 100, This corresponds to conventional reciprocating
engine propellers with disk loadings around 85 psf. This disk loading
is near tho center of the range considered in this report.

The aerodynamic section of Reference (1L) gives the following expression
for B x AF:

2

B x ap = L360(LeE N (A 2.59 ., __ 1.0
C, Vv r.?. +/V - 09+ ¢

I,'? P ( 2) (Y

r \ Vr

Ab/k2 = The ratio of slip stream area downstream to that of
the propeller.

1.0 for ducted propellers with straight exit duct-

ing.
VT = 800 fps
1+f = Flow area + equivalent flat plate area of drag
surfaces.
= 1.3
C; = Mean blade lift coefficient.

.53 for optimum CL/CD.

<
n

Down wash velocity.

J

1]
=
o
O

AF
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B x 100 = 1360x.1.§w 2,59
.53(800)€.001785 Vh v
,001785(800)°
. 1,0
VW+ ___'__2.
.001785(800)

B = .0269w

2.9 , _1.0
i Voo

825
./ 1.8
- G (100 2.59 1.0
WR <157 - <m> .0269w +
W ¥ 09+¥
1112
] For a multi-rotation propeller the disk loading per hub w/H must be used

and the entire term multiplied by the number of hubs per propeller, H.

HW,

5 .825
WR = o,S?W}; o0269—

W .825
_ G| w 7650 / 1142
Wy = 03835 ) g |\ [zt | mrem

2.2 Transmission Weight, WT

Reference (11) gives the following expression for the weight of a heli-
copter transmission:

375
_ .88 (n*1
WT = ,081 Q <}§{>

CONFIDENTIAL Iv-6
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Q = output shaft torque, ft 1lb
n = number of connecting shafts

In order to test its applicability, it is used on two transmissions of
known weight and of the same type as those to be cn the Flying Crane.

Formula Test 1. Allison TLO - A6, 5332 hp
14300 rpm input
15.7:1 gear ratio
2 input and 2 output shafts
Gear box weight:. 803-822 lbs

. 5250 x hp x gear ratio
input rpm

Q

« 5250 x 5332 x 15.7 _
15500 30700 ft 1b

20y \+375 .88
WT |1 .081 (30700) = 876 1bs

This is within 8 percent of the given weight, so the formula appears to
be good.

(Note: It was found that the dual rotation output shafts must be con-
sidered as one shaft.)

Formula Test 2. Allison YT-56, 3017 hp
13820 rpm input
12.5.1 gear ratio
1 input and 1 output shaft
Gear box weight: 439 1bs

Q = 2250 x 3017 x 12.5
out 13820

= 14332 ft

1+1 .375 .88
Wp ={ == x .081 (14300) = [,02 1bs

This is also within 8 percent of the given weight, so again the formula
appears to be good.

It must now be put in terms of WG and w .
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Q™ <50 xbhi/rem
P w036 Ny v

HP per duct » .02376 W,/ .

b = n:. ductr

sotor lade ti) sneod
o ———— s

rpm -
Consta..t .io speed ™ 700 {ps ‘¢ used L3 a1l ¢roes
= |, 2000 fum
L 12030 o /"%
ST ol
. 2000 17
n LW
G
‘ bw
= 11860 wﬁ—
v

WG W 1 I/WG
W OC Y2744
_)(./O X .(15)70 T- X TTSB-J E_

Q -
L \372
, G
& ”1'.1 )l <—b'>
;8
1\ 35 W, 3@
WT = .0.1 - .C'l()‘,l T)" [VOFS duct
il 375/ .\.32  1.32
WT = .COLL7 = % WG per ship

2.3 Duct Wei~ht, W

The only cxisting duce on which thore was ~ny availeble daia was that
on the Filler 60" "Flyin> Plntform", described in Refareace (16).  This
ordy nrovided a duct w2irht for one s:t of condit.ons. As no well cs-
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tablished theuoretical infomotion exustce, 1t u1s necessary tu consirvet
& general theoreticel expression for .uct wiizht »n. then assign spec-
ific valu~s to the expression by rnaking it correspond to two known ducts.
The 60" Flying Platform conctituted one k.aown duct ard the otlier consis-
ted of a "provisionally designce" duct 30 ol 1n diamctor,

T fo~1 the rasornl exoresgion for dect weight 1t o8 considared that a

dust iuct watastun? striactu-nl ceneitions et sre jurtly like t.cse ume
rog~d o1 an aircraft :ar ne nut'y like those umpos:2e din o lustlaga.

A1 airpla o wne can be cansiaer:d cs a ¢ atiluver botm wath o unliomm
load, w 1b pr sa. ft of uppcr surtace & 4. Too vewr hay 0% .vpe con-

ctruction, wity length, L, widta, &, Lovo b, o, aad 0nll *ickicss, ¢,
The ~atar.al of which 1% is r.:ue pac dew Yy, p, 20 o cimng Lorking

st ss, S. lu: dean has consiant cxtere l voporticns.  riu o
a= kL

h=k'L

t is small compared to 4 or h
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ggjghs of beam
Weight = pLt (2h + 2a)

H"_n_‘.cv'. at rase of beam

1 _ 2at(n/2)°

g .
/<

C

_ 2xLt(k'L/2)°
XL

- kk'L%t

Welghi = pL x §§7 (241 L+ 2kL)

= g2 (k'+k) x wl?
Thus, for a beam (or wing) of ;;igen proportions cna whicn is desigred

fer ending strongth, Weight ~wL7.

The weieht oI the sume becam 1s now considered when it is designed for
rigidity,

Deflection, /\, nust be in oroportion to length, L. That 1s

A= k'L
Also, A= waLh
- BET

I = 2at(n/2)?
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= 2kLt(k'L/2)°

ikl
el

a = kL

A= wklL x L*
8Ekk'“tL

- bL’:
K Lk !Et.

= wL
Lk'“k"E

Weisht = pLt(2h+2a)

«p LXWL | oop(kiek)
Lk! k"

3

(k*k')
*p = xW

2k' k"
Again, Weight «-ML3

A duct car also be considered as a cylindrical membranec loaded with a
uniform p-essure, w, and designod for bursting strength. It has con-
stant proportions such that:

L

0
~
o
t—.
=
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= nDLt

= kazt

= Bursting strength 2tLS

wlD
213

Y
bi}
Weight = ;g X wD3

Again, weight ~w x (linear dimensmns)3
The above tnree analogies indicate that a duct that is designed only_to
resist imposed aerodynamic loads will have weight proportional to wD-.
However, much of a duct is designed merely to support its own weight and
to withstand accidental wear and tear. This is analogous to an airplane
fuselage. Reference (15), Figure 38, zives airplane fuselage weight as:
Fuselage Weight = constant x L (B + H)

L = len;'th

B = width

H = height

Or, Weight ~(linear dimensions)2

Reference (b) also shows fuselage weight as varying between airplanes of
different speeds. The effect of speed on fuselage weight 1s shown below:

From Figure 38, for L (B + H) = 1000 £
W = 2400 1b for V = 300 knots
W = 4900 1b for V = 500 knots
In general, it can be scid that:
W n
2. (2
Wi Vl
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Exponent, n, c-r be determi-ed by substituting known valu-s of W and V,

Lo 500"
5 (8)

ne=l.d

Tis can be apnliso t> duct loading by ucing the relation b:twuen speed
and aerodynamic lo-uing,

wl/z‘” v
n
H2 .<w_2>§
n\"
= d2 .7
"1

A reneral exprcssion tor duct weight can now be stated.
T n
Wb kD'w
tased on the wing and fuselage analogies,
m=2 to 3
n=0t1l

The value of n = ,7 derived atove, is used.

k and m are determained by substitution of two sets of known values, with
the limit, m = 2 to 3, used as a check.

Duct Weight Data

Case 1. Hiller Model 1031-A Flying Platform
Reference (16), puge 13

Duct diameter (ID) = 60 inches

Weight = 22.0 1bs
Disk loading = 12.5 psf

IV-13 CONFIDENTIAL
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Notw: The proportions of the Model 1031A duct and the ducts in this re-
port ap: constant, namely:

0D = 1.27 ID
deight = 207 ID
Cin. 2. A duct of 31.2 feet ID with w = 35 psf 1s dusiyned provision-
ally a.d 1ts veight estimated. The duct ir visualized as havang con-

vertional airplane frselag. type construction. (This woulc be conser-
vitively heavy.)

The weight of an airplane fuselage of enuivalent size can be obtained
from Figurc 3¢, Reference 1.

L = w x average diameter
. (31.32+ 39) - 11q 1
H=9ft
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B=L.2ft
L(B+H)=110 (9 * Le2) = 1L5SO sq. ft

For a 300 knot airplane this zives fuselage weight = 5000 1bs. Apoly-
ing this data to the Wy formula,

- '7
WD kDmu

HD D W
5000 1b 31.2 ft 35 psf
e 5.0 12.5

By trial and error k = .05%2 and m = 2.6 are found to satisfy the above
dats.

WD - .OShZDZ'éw'7 (per duct)
Duct weight per ship, in terms of Wb and w
| bWG 2.6 ,
WD - .05b2b m W
(per ship)

W. = .103 A L ¢
D ° D W

2.l Engine Weight W

Reference (9), Chart I, shows the predicted weight of shaft turbine en-
gines up to 1965. Interpolating between curves to 1962, and allowing
for engines not being of the size that gives the lowest weight per power,

it is estimated that engines will weigh .32 lb/hp. This is at standard
sea level, with no ram effect, and ignoring lift obtained from downward

jet exhaust.
o at 6000 ft and 95°F = 19.5/30.0 p at sea level.
.32 x 30.0/19.5.

1492 1b/hp

Engine specific weight at 6000 £t and 95°
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W, for W, = 25000 1b,

w = 35 psf, L ducts:

0

W - .29 x 8°40 (1730)+€0

start

wcowl -

LN 1468 1b

W
I‘:bare

1730 \" _ 325
9790 |  IL&B

n= .87

9790 1b

1468

A= = ,4%0
(979087

.87

=
]

490 W

Boare

EA

87 WL
BA = .0102 WG W

=
I

Iv=17
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Woow 38 x8e.0ux 8% (1730)7% . g

=73

=173
325 1b

325 1b

1730 1b

490 (L0117 W, Vu )87

(per ship)
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2.6. Structural Weight (Beans,, WSB

The method used in deriving an expression for structural weight was as
follows:

(a) Overall sketchs of one 3-duct configuration ard one L~-duct con
figuration werec made to scale.

(b) Provisioral designs were made of tne struciure for each configura:
tion.

(c) The weigit of each structure was calculatad.
(d) A theuretical expression for structural weight was derived.

(e) Weipgnt data calculated I'rom the orovisional designs was used to
evaluate constants ir the theoretical weight exrression.

2.6.a. 3-Duct Configuration

w * 35 psf
Wy = 80,000 los

The first 3-view drawirg shows the 3-duct configuration with w = 35 psf
and Wg = 80,000 lvs. There are three engines per auct, driving counter-
rotating propellers througin transmissions located centrally in each
duct. Each set of three engines is grouped around a pvlon which extends
downward to ine landiny gecr, Each duct is connected to its engine
nacelle by four spokes, and two of the interconnecting beams.

Figure 1€ thows the arrangement of the cpokes, beams, .vlons, and power-
plants. The upper erd of each pylon is a ring to which are attached

two beam upper longerons ana Iour duct spokes. Six other spokes,
arranged conicallv, etiend downward to the landing gear strut.

Each ensine is nested between two of the conically arranged spokes, and
each transmicsion ic in the center of a ring. The weights of the vari-
ous aircraft comvonents are distributed over tie structure as is shown

in Figure 17.

Provisiovnal Beaw Decign for 3~Duct Configuration

The beams were designed to the following conditions:

Maximum vertical load (crash load) = 8.g ultimate.
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Obstruction loads, applied at tase of landing gear = 3.5g limit,
vertical and 1.75g limit, horizontal in any direction.

In-flight load factors are expected to be less than those encountered
in landing.

¥argin of safety = 1.0
Construction to be of 202LST Al Alloy tubing
Fy, = 61000 pst

Fty = L2000 ps1
To avoid local instability failure, tubing diameter/wall thickness
wag held = 30.

Each beam consists of an upper and lower tubular longeron, spaced 2.6 ft
on centers with diagonal bracing of tubes set off at L5°, The tubing
diameters were calculated to accommodate the loading conditions, the
longeron cross-section area varying in uniform steps from one end of the

beam to the other,

Cross-section properties of the longerons and diagonals were determined
to be as shown in Figure 18§.

Main Beam Weight, 3-Ducts

Specific weight, p, of 202LST = .101 lb/in3

Diagonals
Weight = oV
= ,101 LA = ,101L A
« 01l x2x éég—ﬁ;%g x 17.62
= 153.8 1bs
Longerons
Average area = 13'612+ 3.10 8.51 it
Length = 2.6 x 12 x 4 x 8 = 998 in (Conservatively consider-

ing that beams extend to pylon centers.)

Weight = 8.51 x 998 x .101 = 857 1bs
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Total Weight of Main Bean

Total weiz:t = 357 + 1.,8.8
= 1019.0 1b per beam
= 30L8 1b per ship

2,6,b, Provisional Beam Design for L-Duct Configuration

The second 3-view drawing snhows tre L-duct configuration with Wj =
60,000 1b and w = 35 psf. There are two engines per duct, but otherwise
the pylons and beams are of the same type as on the 3-duct configura-
tion.

The weights of the various aircraft components are distributed on the
structure, as is shown in Figure 19. The loading conditions are the

same as were used for the 3-duct configuration, namely:

Crash loading = 8.g vertical, ultimate

Obstruction lvad-
ing at base o: = 3,5g vertical, limit and 1.75 horizontal, limit
landing cear

Margin of sarety = 1.0

Construction:  2024ST Al Alloy Tubing

Foo © 6l;,000 psi
Ft;y = L2,0b0 LS8y
D/t = 30

A provisional desipn shown in Figure 20 was made ol the beams with the
spacing between longercns and the cross secticn areas oi members deter-
mined to accommodate the loads. The cross-section areas of members vary
in uniform steps froum one end of tre beam to the othrer,

Provisional Design of Diagonal Beams, L-Duct Configuration

See Figure 20

Longerons

11.65 + 7.00 2

Average area = % = 9.32 in
Length = 47 x 12 = 56} in
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Diagonrals
Average arca
Length
Weight
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* (9.32) (564) (.101) = 530 1lbs

= 3.98 in2

2,35 x 12 = 26,2 in

(20) (.101) (2B8.2) (3.98) = 226 1bs

Total Weight of Beam

Total weight

Provisional Design

= 2(530) + 226, = 1060, + 226, = 1286, lbs

of Outer Beams with Winch

See Figure 20
Longerons
Average area
Length

Total weight

Diagonals
Average area
Length
Weight

= 3070 + lh.60
2

= 36 x 12 = 432 in

= 9,15 in

= (9.15) (L32) (.101) = LOO 1lbs

= 30&5 in2
2.55 x 12 = 30.6 in
(14) (.101) (30.6) (3.45) = 150 1bs

Total Weight of Beam

Total weight

Provisional Design

= 2(L00) + 150 = 950 1bs

of Outer Beams without Winch

See Figure 20
Longerons
Average area

Length

8.29 + L9l _ ¢ g 42

= 32 x 12 = 38} in
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Weight = (6.55) (38L) (.101) = 254 1bs

Dlaﬁonals

q
Average area = 2,,2 in*

2, in
(L) (2.30) (2.72) (.1C1l) = L5 lbe

Length

Weicht

Total Weight of Beam

Weight = (2) (25L) + 86 = 508 + B8 = 596 1bs
Total Weiyht o' Beams of Ship
Total weipht = 2 [12 DV 6] s 2(2032) = 5600 lbs

2.6,c. Beam Weipht Eguation

The main bea .s are bascically concidered to be simple beams with concen-
trated loads. The team deoth is proportional to length and the section
area cf the beam [langes is varied to accommodate the bending load.

The weipiil of s ch a beam illustrated is nu investigatea.

Iv--22
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Homent, i1 = PL = %%
2
[ =2 (at)
4
TN
C - g
. k'L
=
2.3
2 K'°L
PL mxSt.K—z—
FL = SF K'L%t
P
LS O

Weizat of team = gL x (2ain)t

) o2 P

K p(2K+r(')L X m

= p (g%i$l) x PL
Weigit ~ PL°

In the case of the Flving Crcne beams, P corresponds to Wg 7.’1(! L corres-
ponds to duct dizmeter, D, which is proportional to (WG w)/2, In
general, y 1/2

WSB=KXWG

3/2
k'
/2

For 3-cuct, 80,000 1lbs, 35 psf, Wep = 3048 1bs

1/2
Ws BW

3/2
s

K =
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_ 3018 (33)/2

= ,000805
(80,000)7/¢
.000305 w03/2
HSB - -_-—;T7?- per ship for 3-ducts

For lLi-duct, 80,000 1bs, 35 psf, ”sa s 5660 1bs
_ 5660 x_.000805

3/2
wse . +001L98 wG per ship for L-ducts

w

2.6.d. Provisional Pylon Design

Using the pylon design and the loads from Section 2.6.a., a provisional
design was made of a pylon for the 3-duct confijuration. The cross-
section areas of the vylon spokes, ring, oleo strut, and olco piston,
were determined. They are shown in Figure 21.

The pylon weight is calculate. below:

Pylon weight, 3-ducts, W, = 30,000 lbs, w = 35 psf (202LST Al Alloy

tubinz construction) &
Ring:
Length = m x L,5 x 12 = 169.8"
Average diameter = 13.0 ; Lol 12,56"
Wall thickness = 13.0 5 le.12 . Jln

169.6 x 12.56m % UL = 2943 1n°

Volume

Weight = ,101 x 2943 = 297 1lbs
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Inner Spokes:

Total length

Average diarmeter =

Wall thickness

Volume

Weight

Oleo Cylinder:

Length
Average diameter

Wall thickness

Volive
Weight
Oleo Piston:

Length

Average diameter =

Wall thickness =

Volume

Weight
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s (6) x 5.5 x 12 = 396®
3090 ¢ 346U, 3 77m

= -&53._6& ] .13"
* 396 x 3.7 x .13
= 609 in’

= 61.5 lbs

= 8.7 x 12 = 104"
O 13.62 + 12-72 O 13.17"

r

=, 90"
= 10, % 13.17r x .90 = 3870 in

3

3870 x .101 = 392, 1lbs

travel + 3 diameters

16" + 36n = 52n

12,52 + 11,70
2

12.52~; 1172 . 5 . _gom

52 x 12,11n x .80

12,11

1580 in

]
[}
o~
o

1580 x .101 1bs
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Oleo Braces:

Length = 2 x § x 12 = 192"
5.20 + L.85

Average diameter = St = 5.02n

5,20 ~ L.85
D

Wall thickness = = 18"

Volume = 192 x 5.02n x .18 = SLS in’
weight = S45 x ,101 = 55 1lbs

Pylon tubing

total weight = 55.0
1&.0
2L5.0
61.5
291.0
718.5 1lbs

+ 108 ror fittings = 72.0
+ Foot = 250.0
1010.0 (Total weight of one pylon, for external
loading, 3 ducts)

wSP = 3120 1lbs

2.6.e. Derivation ot General Equation for Pylon Weight

A general equation for pylon weight is now derived. To do this, the
manner in which pylon height varies with Wg must be investigated.
Figure 20 shows the parts of pylon length for a ship of Wz = 6L000 1lbs
and w = 35 psf.

Minimum ground clearance = duct diameter x sin 2°, Duct diameter varies
with Wgl/2, Beam depth = 2.5' for Wg = 65000 1bs. Beam depth varies
with wWgl/3,

W, 1/3 W, 1/2
Pylon height = 11,5 + 25"650'" 5! xg};—'oo

Ht 14.5! 15,36

WG 64,000 125000
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120000" _ 15,36
g  ILY

n = ,08L

The cylon ‘s likened to a bean whosce length Ao ;.OBu and whose section
properties are varied to accommodate the bencinc loid. Its section has

constant .»oupostions, as shown in tic sketch ielow:
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wopp 3L
v
Lk pee

a Z'n
4 k''h
I- k'x"h"
iEd
c.?
PL -k "V
) S
T S k'k"q
<k P).o%)w
h = | =—r——
S LEn
b~ p- 362
2

Weight ~Lh

General Expression for Pylon Weignt.

By analogy with simple beai

_ .1308
Wgp = KWy
P
——.808
Wy
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For 3-c cts, HG = §),007 l's, exterral ! adl, WSP = 31:0 lus

Fa: li-uucts,

y 120
sy 2 v i Y=duo
NSP y Y ¥ WSP tor 3-ducts
2 1,00 2 W, lor 3=dunca

SP
= 1,06 & il

» .361

Wo. = 3L -f08 (forr 3=-ducts)

SpP C

W+ .36 08

Si s (Tor i=cucts)

¢.T Swiretural Ac:esscries Wel-ht, ”sa

"o e o man @ iam e S W EEaee- o e

Structural accessnries  -s.rl of 1.nbe contrsls, hydreanliico an. e:e:-
tric systers, {uarni.nings, are caoir, Rele:ence 11, page "3, ‘ives
the followine espressions for the tirst three:

. .08
wcontr‘ﬂ s 212 wG
IR o il
w-x,yd ang elec - 31 w(}
- OB W 0 s
wi unish -ofi2 wG 2V

These three etpressions can be replaced cy vne erpressicn of the form,

_ n .
WSA KWG 50

K and n are evaluated below:

i\ I e Wi
<WG > g con ' w'gy(i i w'f.lr.n >t

W =

" i B
G con + W hrd + W furn + 50
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%10 cunstant K is the rat.o of fuel weisht to fuel weight clus tank
welihie It is avsumed “hat Lie /et ruel weight is 6.5 veunds per
gallon and the tank weight is 0.5 pounas per gallon.

Heuce, K= 6:5 = ,9eh
. ¢/
wP
The payload ratio is the ratlo ol weight of payload plus crew to
~:)88 weight. G Wp is .he weight of cargo and crew. The crew

18 assumed tu weligh o0 ~curde,
Hence, Ap = hcargo ¢« 600 = P+ 0D,

Ratio v. [uel availavle v gross weight 1s presented in the following
final forme

P « (00
= 0.928 - -/
RFavail ( WG )
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FLYING CRANE (DUCTED PAX PHASE) - DETERMINATION OF FUEL AVAILASLE
TAB.E | - DIPTY WEIGHT EXPRESSION, "g"
ROTORS TRANSMISSIONS ENGINES STRUCTURES OTHER
% Vo Wg VEA ¥sp Wgp Y Ys, Y
W 7% 2 .825 3715, 132 .
03835 —oe /m/m + .oonn/%l Lo b oun /e b .0t0m 0% 4 For Internal Loading ¢ 1010 4 ot m
" b w!/; v 2/3 HTT. v 3.962“0 -50 273'.100"0
G D
H=1 for v <10 psf b = number of ducts k = .000805
z for J ducts} k = 5,32 for 3 ducts
H=2 for w> 10 psf ne3forw=10 psf A
and b = | k = .0014958 k = S5.85 for L ducts
for 3 ducts
n*L for w> 10 psf
and b = & For External l/.oadinﬁ
2/}
n =L for v 10 psf ke (Wy-¥p)
and b = 3 k = 2,04 for 3 ducts
n = 5 for w> 10 psf k = 2.23 for b ducts
and b = 3

Iv-32
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V. PARAMETRIC STUDIES

1. BASIC PARAMETERS

The basic parameters in this study are number of ducts b, gross weight
Wo, payload P, disk loading w, mission radius R, and hover time ty.
Radius and hover time are not included in the parameters of fuel avail-
able study. Number of ducts is eliminated in fuel required study by
two assumptions. One, the specific fuel consumption is assumed to be a
function of total horsepower rather than a sum of functions of individ-
ual engine horsepowers. Secondly, the power-correction factor k, that
takes into account the effect of control moments is assumed to be 1.0L
for both configurations,

The values of parameters that are used in fuel to weight computations
are written in the following matrix form.,

b WG 5 W R tH

60,000
100,000 €

140,000

180,000

2., RESULTS OF FUEL TO WEIGHT RATIO COMPUTATIONS

Required Rp

- — o ——

With other parameters constant, Rp increases with increasing radius,
disk loading, and hover time, This is as expected. Similarly, Rp
decreases slightly with increasing payload. The decrease in horse-
power required in return flight with increasing payload is responsible
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for tais rranre. These trenas o! the variations of parameters on the
Rp.y plot are prezented in Figures 22, 23, 2k, and 25. The [ipures
also show, that with all these parameters constant, Ry increases with
increasing sross weignt., The increasins ratio of horsejower required
to gross weight with increasing gross weight in return flight produces
the variation.

Available R?

Avallable R: is affected mainly by gross weight, payload, and disk
loading, sece Figures 26 and 27. The curves show that Ry increases with
design gross weizht Wg, leveling off in the region where Wg is very
large compared to payload.

Figure 26 indicates that up to a certain disk loading, Ry increases
with w, Above that value of w, Rp decreases again, This is due to the
large weights of structure, ducts, anu rotors for low disk loadinjis.

On the otrer hand, at high disk loadings, w, the engine weight is con
siderable. For any given design gross weight, the empty weight has a
minirum in the region of w = 150 1b/ft2,

The increase in wei:nt of ducts ard connecting structure is slightly
more than the correzvonding increase in the design gross weight, This
tends to venalice lurpe size so that at very larze vialues of Wg, Rp
actually cecreases. Likewise, for a given Yg the L-duct configuration,
havini: smaller ducts thun the 3-duct configuration, will have a lower
duct weighit. However, it will have a larger structural weight, so the
net difference is small. See Figure 28.

3. RWSULTS Or OPT:MIZATION STUDY

The required and available fuel to weirht ratios are plotted for all
combinations of payload, disk loaain;’, radius, hover time, and duct
configuraticn, The intersections of the required and available Rp
curves give the possivle combinations of gross weight and disk loading
to carry out the mission. The optimum ship for tie mission is the ship
of least grouss weight. Figure 29 is a typical intersection plot which
illustrates the method of obtaining the optimum ship. Trends of varia-
tions of payload, hover time, and radius on gross weight, disk loadinz,
and fuel to weight ratio are presented in Figures 30, 31, and 32. As
shown by the graphs, with other parameters constant, ilhe gross weight
increases with increasing payload, hover time, and rad'us,the optimun Jisk
loading decreases with increasing hover time and radius ana increases
with increasing payload; the fuel to weight ratio increases with in-
creasing payload, hover time, and radius. The difference between 3 and
L duct configurations of the optimum ships is 'small in general. The
largest difference lies in the region of small radius and large payload
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P
Lbs

16,000

211,000

32,000

Range

Naut.
Miles

10

100

10

100

10

50

100

Min.

BhoBGhoBhioB8hio BhoB8hio8foBho BhoB8hio8hoB8ho

Rp wono3 v SDRP STNRP STNRP

TABLE II - LIST OF OPTINUM SHIPS POR 3-DUCT CONFIGURATION

Lbs Ib./rt? Pwd. Ret. Avg.

OL3 36.3
072 38.9
103 L3.7
062 38.3
.085 L2.0
.115 Lé6.L
110 LL.2
135 50.0
.157 56.8
190 62.4
207 173.8
02” 90.0
.0L2 SL.0
073 60.5
.105 67.3
.065 58.0
095 6L.5
.118 71.1
.107 67.8
JALo  76.6
.166 88.8
.193 101.0
.220 130.4
.255 180.4
OL0 71.3
072 79.9
.109 91.0
0068 7700
098 86.7
127 98.0
118 93.3
.147 107.0
.176 126.0
.210 156.5

13k
111
88
116
9l
80
92
("
66
5
67
59

178
116
88
136
101
80
85
81
Tl
75
72
70

197
116
100
161
105
92
104
%0
82
86

Flt. Flt.

74.5 31.5 53.0

76.L LS.2 6€0.8

75.8 h2.7 59.3

75.5 SL.5 65.0

L6800

7500

19,200

LY
520 510
920 1020
117 1650
255 L4950

o %

1640 3500
2120 9200
2840 10800
5390 25800
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2l70  LS2 2750 10O

3070  L98 L10O 2120

38% 562 5700 3390

6650 781 12200 9550
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P Range ('H

Lbs Naut. Min.

Miles

16,000 10 0
15

20 0

15
30

15
30
100 0
15
30

24,000 10 0
15

30

20 0

15

30

15
30

100 0
15

30

32,000 10 0
15

30

20 0

15

30

15
30
100 0
15

Ry

040
.073
.103
L[ ] 059
.090
.120
.105
140
.162
.19k
21
.2Ls
042
.075
112
.060
.091
.125
.107
<140
[ ] 162
.182
.220
. 260

0Ll
.076
111
.071
.099
133
121
.153
.178
.210
-2L9

TABLE II - LIST OF OPTIMUM SHIPS FOR L-DUCT CONFIGURATION

belo'3 v STNRP STMRP STNRP

Lbs

35.8
39.1

38.2

O~ O
o REISWS
NODOOO VNHNOWO

SRERIBY

O o~
L J [ ] [ ]

n =
DO~ =~ L\O O
o o

e L) ° 3
DE WO O~~~

96.1
108.5
130.6
164.2
208.0

b/t Pvd.
Flt,

150  74.5
108 7L.7
91  75.2
112 7L.5
98  75.0
8, 75.6
88  75.4
79 75.7
72 76.6
19 76.0
72 176.6
65 71.5
178 7L.5
102 74.8
95  75.0
110  7L.6
95  75.1
8y  75.6
85  75.5
81 75.7
70 76.8
70 76.8
70 76.8
65  77.5
175  74.5
120 74.5
106  7h.7
5 7.5
108 7L.6
99  7L.9
111 7L.5
90 75.3
86  75.5
83  75.6
82  75.7

Ret.
Flt.

30.5
3.9
39.1
33.9

Avg.
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5100
L4600
L4900
L650
4900

L750
5300

6500
7300
8500

8100
7000
7600
6800
7250
7700
7400
8100
8600
9700
12900
20200

11000
10200
10650
10900
10350
11350
11800
11900
14100
17200
21800

850
760

790

790

810

790

850

880
1040
1140
1290
1250
1090
1160
1080
1100
1200
1140
1260
1300
1430
1610
2830

1620
1500
1490
1620
1520
1650
1710
1740
2010
24,00
3050

1180
1480
1090
1380
1650
1500
1880
2380
2650
3670
54,00

1400
2300
2810
2000
2620
3250
3000
3670
L830
5780
8900
18300

2250
3300
4150
2750
3800
4,860
LL50
5850
7850
11100
15180

SP

1710
1850
2020
1820
1950
2110
2025
2250
2L70
2700
3100
3690

2360
2600
2610
24,90
2750
3025
2900
3210
3580
3950
1980
7500

3020
3310
3650
3220
3500
3910
3850
L2Lo
4910
5900
7250
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2800
Looo

3700

5600
5100
6200
8200
8600
11500
16500

L300
7200
8650
6350
8200
10100
9450
11250
14700
17150
24,800
L7400

6500

9700
12000

7850
11100
14,000
12700
16600
21600
294,00
39500

240
2600
2790
2560
2720
2900

3060
3320
3570

L630

3180
3470
3740
3340
3620
3930
3790
k125
4520
1,890
5950
8L60

3920
4220
k575
4130
Ll30
1,860
1,780
5190
5880
6870
8200

)
L62
L78
LS9
L72
L87
L78
L9y
519
538
572
620

508
530
551
520
542
566
555
581
612
640
725
92k

565
589
617
581
604
638
632

720
800
902

CONFIDENTIAL
CONTRACT DA 44:177:1C.302

2450
2950
3LLo
2830
3220
3720

1,000
L680
5050
6190
7850

3490
4580
5260
L,260

5610
5500
6280
7420
8350
11150
18500

L740
5930
6900
5410
6520
7650
7250
8590
10450
13100
16650

1100
1220
1430
1200
1360
15%0
1420
1700

2300
2900
3640

1840
2180
2530
2010
2390
2800
2600
3080
3670
1,280
62L0
11480

2790
3210
3760
3080
3520
1,200
4090
4790
6100
8200
11000
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VI. CONCLUSIONS

Costrary to the power re:uiped curve of the helicopter, which:as . pro-
nounced minimum 2l . fop am speed corre:poralng to a tip speeu ratio of
approximitely Q.., the puver reeuirew for o gucted propeller is much
lecs dnpendent of sp o, Broadly speani. ¢, for the same weight ara dick
loaiing uii Uor the pecu rarge invitip tod, the power re:uint for
weted propeller configuratios is abou® the same as that of the helicop-
ter at ite specd of minumwm p.ower. This 1 emase In efficivncey o, of
course, du-r ta the oonflicial effect of the shroud,

How.ver, if the saroud is laid o:t fur m «.mum efficiencs in hovering,
relative]l. large nose~up pitching moments - re gen:rated in forwird
flight. These pitehing moments, which h v~ %o by compensited ty proeper
means of co.trol, ca: reprecent .. 3erin. pronvlem and should, therefoure,
0% be ov rl.oked, The ricther limites 'ol U unta prese..tiy nvail .ble in-
aicas thatl th ge piiching momen'. ¢ oo pedjuced consideraily b using

shroud forn, waien is leas ~dv..tapeou. 2 hovering. This means n t,
wiless & bett-r tvpe of shrona ¢an (¢ urv loped, the des:ipner h s o
compromss b .een hoverwng officie.c. &0 forvard fliph' churctoris-
SBB g

If "0 auaition.l mear . of propulsion an usen, i,c¢., if the *ot.ll crg
is overcome bv th: auricortal compon < f the thrust vec'ar(s), liorge
forward ti1lt ungles are re uircd i forward tlight. To = cortail: ex-
tent, sefleciic of tpe slipe “reun 2 va es ke the sume ffoc”
tilting of th~ luet.. As %11t a2 glos up tn 537 ar: a eued, tilwing o
tne wiole fusclay 1: prac'icz11l, o't of th. ~uesiior. Tnis me.ns th-.s,
unless aduivio “1 mear s of propuli r c¢mployaed, 1ther ths cucts
hav t> b tilt-d r1st.v o the fuselap or the tihe privceiple of slop-
trcam 3 Floet o lws .o b ucnde The possible riigr of spplication d
cfficivne or the 13 tor is :ot t Ml known.
The ath p pos.hili?, 1: to employ separ.t: meins of propul:sin., .uch 3
aqdition- 1 prop-ll r.. To the extrome, the nuircraft would h.ve cssen
tiall. z r- rele of 1ariaence 1t 11 level flight conditior:, ae-r. th
totzl treg is ovorcome by the sdde tiontl propellors.  The rome. tum
theor, 1.cic.’ thet 1o this ¢as> the telal power reoaulred for fore.rd
flight i.er es5 en g:d re 1, According to Hiller's truck tests <f +h:
flying plationn the ses-up priching meme.'s -ilse iner -ice,

For thoue recso.s. this coutractor prooe tl: fvors o cempromise ¢ -
sisticg of slip=sipcam deflectics ir e eetion with a propal-ive pr -~
peller ~ 4 slipnt forvird vilr of the wirer ft ia forw:rd flight,

Whe tiier such - deitiorsl propeller is r-ulred or ne! dep ids to

high extent i both the «fficicncy of the slip=streom deflectior m ~hcn
ard ur the st.lling churacteristics of « ducied fan in forward fli.n'.
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The answer to these problems is not xknowm at present. It is felt,
therefore, that the final answer on the best method of propulsion must
be obtained from wind tusnnel tests.,

The missions investigated in this report cover the following ranges: ‘

Radius: S to S0 nautical miles
Hover time: O to 30 minutes
Payload: 16,000 to 32,000 pounds

With regard to the optimum ships found by the parametric studies, the
following statements can be made. Gross weight, disc loading, and fuel
to weight ratio for a given mission are affected only slightly by a
change in number of ducts from 3 to 4 per ship. In general, an increase
in the duct number from 3} to 4 decreases the optimum disc loading and
increases the minimum gross weight. The fuel to weight ratio remains
practically the same,

The effects of the variables of mission (radius, hover time, and pay-
load) upon the design parameters of the ship (gross weight, disk load-
ing, and fuel to weight ratio) may also be expressed in general trends.
As expected, gross weight increases with increasing payload, hover time
and radius. Optimum disc loading decreases with increasing hover time
and radius, and increases with increasing payload. The fuel to weight
ratio increases with increasing payload, nover time, and radius.

A detailed list of the parameters of the optimized aircraft is given in
Section V,3 of this report. Broadly speaking, the resulting parameters
lie within the following limits:

Gross weight: 36,000 to 208,090 1bs
Disc loading: 60 to 197 1b/ft
Fuel to weight ratio: 0.04 to 0,260

As pointed out previously, due to the lack of basic information the
above results are partly based on theoretical performance calculations
derived from the momentum theory. Interference effects have been ne-
glected. In the course of the study various other assumptions had tobe
made which are described in the body of this report.

Although it is believed that these assumptions are realistic and that
the theoretical developments represent the present state of the art, it
should always be borne in mind that for the final design of a successful
ducted fan type flying crane further experiments are required to give
the answer to the problems still unsolved today.
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VIII. LIST OF SYMBOLS

weight 1n general, lbs

design zross weight, lbs

actual weight at the beginning of a cruise or hover period, lbs
ropeller diameter, ft

oropeller disk area, ft2

duct exit area, ft2

number of ducts

nominal propeller disk loading, lb/ftz, parameter of parametric
study
W

W= =

bA

true loading of duct exit area, lb/ftz, used for forward flight
performance calculations and assumed to be

w_o=1.1w
e
propeller force, lbs

for hovering: net thrust per propeller-duct combination
for forward flight: resultant force vector, see Figure L
/
figure of merit for static thrust, see equation (1)

efficiency factor for forward flight, defined similar to M, see
equations (21)(25)

flight velocaty, ft/sec

duct exit velocity, ft/sec
vertical rate of climb, ft/sec
angle of climb, deg

velocity ratio, ¢ = Ve/Vo
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a duct Ul e, der, pesiooe 1T dust s LG 3 orard

1
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“r A
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§ ! 6 1 wer reanired in leve® I 'rt,dj to erecss vo
" alible o el
Af/r" v (evelss v cvaildable e clie ), ypower requar 1f 0 ive)
. \
/

el oap . o ey, see equi.ioms (M)

" troasmissior <1 licicney
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k perfoimance correstion factor thatl takes into acccuat the iner.oase
in power required due to pitch contrul (dy .viwatial Lausd), 13-
sumed Lo be 1.0 at 70 knotrs

p density of air, 1b seceft-b
q  dynamic pressure, 1b/t‘t.2
y ©
a0/
AP horsepcyver

R range, nautical miles

SFC specific fucl consumptior, loc HP/nr

In addition, the tollowing symbols have been used t 0 Section IV "Deri-
vation of Weight Equations":

H number of hubs per cduct (= 1 for sin-le wotalic-, 2 for dual)

k constant. Used for several different cases

o

number of input shafts per transmission

fuel weipght/gross weisht

o

gross veight of ship

WR rotor weight

wT transmissic: weight

WD duct weight

WE enfine wei 1t

Wep structure weight (pylons)

WEA engine accnssory welght (0il + tanks + starting svstem)

WSA strugtural accessory weight (electric and hydraulac systems, cubin,
furnishings, and flight controls)

WO "other" weight (instruments and radio)

W, payload (cargo and crew)

cargo weight
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From Refersnce 2
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I'IGURE 3: FIGURE OF MERIT OF SHROUDED PROPELLER
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FIGURE L

Vertical
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FIGURE 4: VECTOR DIAGRAM OF FORCES

(EQUILIBRIUM CONDITION, LEVEL FLIGHT)
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FIGURE 5
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FIGURE 5: ¥ AS A FUNCTION OF DISC LOADING AND SPEED (SEA LEVEL)
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FIGURE 7
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FIGURE 7: VELOCITY RATIO, ¢ vs ¥ (fi = 0,1)
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FIGURE O
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